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Abstract. In marine ecosystems climatic ﬂuctuation and other physical variables greatly
inﬂuence population dynamics, but differential effects of physical variables on the
demographic parameters of the two sexes and different age classes are largely unexplored.
We analyzed the effects of climate on the survival and recruitment of both sexes and several
age classes of a long-lived tropical seabird, the Blue-footed Booby (Sula nebouxii ), using long-
term observations on marked individuals. Results demonstrated a complex interaction
between yearly ﬂuctuations in climate (both local and global indexes, during both winter and
breeding season) and the sex and age of individuals. Youngest birds’ survival and recruitment
were commonly affected by local climate, whereas oldest birds’ parameters tended to be
constant and less inﬂuenced by environmental variables. These results conﬁrm the theoretical
prediction that sex- and age-related variation in life-history demographic traits is greater
under poor environmental conditions, and they highlight the importance of including
variability in ﬁtness components in demographic and evolutionary models. Males and females
showed similar variation in survival but different recruitment patterns, in relation to both age
and the spatial scale of climatic inﬂuence (local or global). Results indicate different life-
history tactics for each sex and different ages, with birds likely trying to maximize their ﬁtness
by responding to the environmental contingencies of each year.
Key words: Blue-footed Booby; capture–recapture modeling; climate; demography; life-history traits;
population dynamic, seabird; Sula nebouxii.
INTRODUCTION
Climate notoriously correlates with oceanography,
with large impacts on biological systems and their
components (individuals, populations, communities,
and ecosystems) (e.g., Root et al. 2003, Arau´jo and
Rahbek 2006). Evidence of the inﬂuence of climate on
population and community dynamics is abundant (Lima
et al. 2001, Thomas et al. 2004); and crucial demo-
graphic parameters such as survival and fecundity have
been shown to be affected by climatic forcing of bottom-
up trophic chains, from primary productivity to prey
availability (Stenseth et al. 2002, Nevoux et al. 2008).
This is especially true for marine systems, where
oceanographic drivers may have direct and rapid effects
on survival and fecundity (Stenseth et al. 2005, Harley et
al. 2006). Seabirds are among the most studied models
of the effects of oceanographic variability and climate
on demographic parameters and population dynamics,
and global oceanographic indexes (such as the North
Atlantic Oscillation [NAO] and the Southern Oscillation
Index [SOI], Durant et al. 2004) or local covariates (such
as sea surface temperature [SST]) often explain temporal
variability in their survival (Jones et al. 2002, Sandvik et
al. 2005, but see Tavecchia et al. 2007), recruitment
(Votier et al. 2008), fecundity (Sydeman et al. 2001),
breeding propensity (Jenouvrier et al. 2005, Lee et al.
2007), or population dynamics (Jenouvrier et al. 2003).
Much less is known about how climate differentially
inﬂuences demographic parameters of the two sexes and
different age classes (Coulson et al. 2001, Grosbois and
Thompson 2005, Nevoux et al. 2007). Climatic condi-
tions are likely to affect the availability of resources for
foraging predators, and hence may inﬂuence decisions
on how to optimally allocate energy at each age and by
each sex. Effects of sex and, especially, age are strong in
long-lived organisms (such as seabirds) because of their
delayed maturity and high adult survival, and individ-
uals become less vulnerable to climatic ﬂuctuations as
they acquire experience. Thus, in long-lived species
differential inﬂuence of climate on age and sex classes
can generate demographic heterogeneities with impor-
tant consequences for population dynamics (Langvatn
et al. 1996, Coulson et al. 2001, Jenouvrier et al. 2003).
For example, differential effects of climate on survival or
recruitment of the two sexes or different age classes may
generate changes in operational sex ratio or competition
among breeders, which in turn could affect population
growth (e.g., Ezard et al. 2007, Becker et al. 2008).
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We analyzed the impact of oceanographic (i.e.,
climatic) variability on survival and recruitment of the
Blue-footed Booby Sula nebouxii, an apical predator in
the tropical ocean. Importantly, the inﬂuence of
environmental stochasticity was assessed using longitu-
dinal records of several cohorts of marked individuals of
both sexes, allowing analysis of effects of climate on
different-aged individuals. Life-history theory states that
individuals are constrained by limited energy that has to
be allocated among components of their ﬁtness (Stearns
1992). We expected the survival of immatures to be
lower than that of adults, due to inexperience, poor
foraging skills, and greater vulnerability to climatic
variability (Jones et al. 2007, Votier et al. 2008). The
curve of survival with age should follow a quadratic or
logarithmic function, and age-related variation in
survival should be greatest when environmental condi-
tions are worst (Bunce et al. 2006, Oro et al. 2008).
Female boobies are larger than males (see next section),
and they show greater natal and breeding dispersal
within the natal colony and provide more food to
offspring (Osorio-Beristain and Drummond 1993, Guer-
ra and Drummond 1995, Kim et al. 2007b). Greater
body size could confer higher survival (e.g., Gaillard et
al. 2000) unless associated with greater investment
during breeding (Velando and Alonso-Alvarez 2003),
and in a long-lived species, is expected to be associated
with slightly later recruiting (Oro and Pradel 2000,
Ludwigs and Becker 2005). Also, life-history theory
predicts a trade-off between ﬁrst breeding and future
survival, with long-lived species deferring recruitment
when environmental conditions are bad (Crespin et al.
2006). Hence, we expected that in poor climatic
conditions, the curve of recruitment against age should
be lower (with sexually mature individuals postponing
recruitment) and differences between younger and older
birds in recruitment should be greater (Bunce et al. 2006,
Nevoux et al. 2007).
METHODS
Species and study site
Blue-footed Boobies are socially monogamous (Osor-
io-Beristain and Drummond 1998), medium-sized sulids
that breed colonially on islands in the tropical eastern
Paciﬁc Ocean. Both sexes plunge-dive for sardines and
anchovies (Nelson 1978), foraging over a radius of up to
30 km (Anderson and Ricklefs 1987); females are larger
and 32% heavier than males (1654 g vs. 1250 g,
respectively; Castillo and Chavez-Peo´n 1983). Excep-
tionally, these long-lived birds breed in the ﬁrst year, but
most recruit at two to six years of age (Drummond et al.
2003) and have broods of one to three chicks. Males and
females spend similar time with clutch and brood and
participate roughly equally in all aspects of parental
care, except that females provide chicks with a greater
mass of food (Guerra and Drummond 1995). Senescent
decline in reproductive function begins at age 10 years
(Velando et al. 2006b).
The study was conducted at Isla Isabel, Nayarı´t
(218520 N, 1058540 W), off San Blas, Mexico. From 1988,
ﬂedglings were ringed annually in two ﬁxed study areas
in the colony and resighted as breeders during system-
atic monitoring of those areas during ﬁve months of
every year between February and July through 2004.
During these years, the colony held an average number
of 971 breeding pairs. All birds with a clutch or brood
were recorded, and identities were conﬁrmed by up to
three independent readings of each band during
inspections of all nests every 3 or 6 days. Relative
geographical isolation of the study colony, limited natal
dispersal (median distance, males, 24.1 m; females, 28.3
m; Osorio-Beristain and Drummond 1998), lifetime
ﬁdelity to the ﬁrst breeding site (Kim et al. 2007a),
and the rarity of resightings in other Mexican colonies
(Castillo-Guerrero and Mellink 2007) suggested that
permanent emigration from the study site was low, and
that estimations of local demographic parameters
probably suffer from little bias.
Capture–recapture modeling
We followed standard procedures for capture–recap-
ture multistate modeling (CMR; Lebreton et al. 1992,
Nichols and Kendall 1995), using M-SURGE software
(Choquet et al. 2004). Three types of parameters were
involved: survival probabilities (S ), transition probabil-
ities between states (from nonbreeder ‘‘n’’ to breeder
‘‘b,’’ i.e., recruitment, noted by wnb), and resighting
probabilities ( p). Birds were sexed when they recruited,
and individuals that never recruited could not be sexed.
To overcome this limitation, we considered three states:
state 1 is a nonbreeder, states 2 and 3 are breeding male
and breeding female, respectively. Transitions between
state 1 and both states 2 and 3 correspond to
recruitment probabilities for males and females, respec-
tively. Consequently, we set at 0 the recapture proba-
bility of state 1 (since only breeders were resighted), the
transition between states 2 and 3 (i.e., change of sex),
and the transitions from states 2 and 3 to state 1 (birds
were only resighted as breeders). The modeling was
carried out in three consecutive steps: ﬁrst, the search of
an umbrella model to start with. A consensual model
was then built to avoid overparameterized models with
large number of parameters due to the interaction of all
factors considered. Finally, we tested the inﬂuence of
oceanographic variables separately for each demograph-
TABLE 1. Results of goodness-of-ﬁt (GOF) tests of the general
capture–recapture multistate (CMR) model.
Test component v2 df P cˆ
3G SM 296.590 61 ,0.001 4.86
M ITEC 246.490 27 ,0.001 9.13
M LTEC 82.943 34 ,0.001 2.44
LRT (JMV vs. AS) 1197.003 52 ,0.001 23.02
Total 1823.026 174 ,0.001 10.48
Note: Test components are as in Pradel et al. (2003); cˆ is the
inﬂation factor, i.e., v2/df.
DANIEL ORO ET AL.1206 Ecology, Vol. 91, No. 4
ic parameter (survival and recruitment), each sex, and
each age class contained in the consensual model to end
up with a selected model.
We ﬁrst tested the goodness of ﬁt (GOF) of a general
multistate model, the Arnason-Schwarz model, consist-
ing of two basic components: (1) test3G, which tests the
dependence on the previous capture history for individ-
uals released at same time; and (2) testM, which tests the
dependence on current capture (Pradel et al. 2003). The
GOF test was carried out using the U-CARE program
(Choquet et al. 2003), skipping the subcomponents
WBWA and TEST3.SR to account for the age-
dependence structure. The ﬁt of these more general
models was poor (see inﬂation factor, cˆ, in Table 1),
likely due to an age structure in survival, transition, and
recapture probabilities; but it was not possible to test the
ﬁt of a model with a full interaction of time and age, all
parameters being different. An alternative was to run a
separate GOF test for each cohort and sum all the tests,
but breeding failure or very low breeding success in some
years prevented this. To overcome this problem, we ran
several GOF tests modifying the original capture–
recapture histories for each age structure: For instance,
for age 2, we removed observations before age 2,
deleting the previous observations at 1 year of age
(e.g., the CMR histories 10222020 and 13330333 were
transformed in the histories 00222020 and 00330333,
respectively, while the history 00000100 was deleted
from the analysis). We expected a progressive reduction
in the inﬂation factor cˆ (i.e., an improvement in the ﬁt)
together with an increase in age in the modiﬁed capture–
recapture histories, due to greatly reduced potential
effects (transients, trap dependence) of age on survival,
and on transition and recapture probabilities. An
acceptable cˆ value of 1.86 was achieved with a structure
of seven age classes (birds between 7 years and 16 years
old were pooled; see Fig. 1), and this cˆ value was applied
to all models, starting with the more general model
[S7a*t*s, w
nb
7a*t*s, p7a*t*s]. In those models, the factors
considered were age (seven values), time (16 values for
the years 1989–2004), and sex (two values), denoted by
a, t, and s, respectively. Interactions between terms were
denoted in models by an asterisk (*), additive effects by
a plus sign (þ), and no time variation by a multiplier dot
(). The next step was to ﬁnd a consensual model
(Tavecchia et al. 2005), i.e., a more parsimonious model
than the more general model, with its high number of
potential combinations of factors (time, age, and sex) for
each of the parameters (survival, transition, and
recapture). The consensual model was selected for each
parameter by progressively eliminating effects while
keeping the structure of the other parameters as general
as possible. Consensual models were the umbrella
models used to test for inﬂuence of climatic variables.
Selection of the best model followed standard
procedures by looking for parsimony between the
number of parameters and the deviance of the model,
using a second-order Akaike’s Information Criterion
(QAICc; see Lebreton et al. 1992, Burnham and
Anderson 2002). Models that did not differ in more
than four values of AICc (DAICc) were considered
statistically equivalent.
Testing the inﬂuence of time and climatic covariates
on age-related demographic parameters
We tested the importance of climatic covariates
(relative to time) as potential inﬂuences on survival
and recruitment. We used two covariates that differ in
their spatial scale: sea surface temperature 55 km
southeast of the booby colony (SST; obtained from
Columbia University database, available online),4 which
was based on the foraging range of the study species
(Anderson and Ricklefs 1987). The second covariate was
the Southern Oscillation Index (SOI; Australian Bureau
of Meteorology, available online),5 expressing El Nin˜o/
La Nin˜a oscillations in terms of variation in sea-level air
pressure across the tropical Paciﬁc region. We selected
values for two clearly differentiated periods: the
breeding season (January through July, denoted by
SSTb and SOIb for local and general oceanographic
conditions, respectively), and the wintering season,
during which birds mostly stay around the colony
(October through December, noted by SSTw and
SOIw). In the breeding season, birds incur high energetic
costs of territory establishment and defense, pairing, egg
formation, incubation, and brood care, with potential
consequences for current recruitment and future surviv-
al. Oceanographic conditions could also be critical
during wintering, when delayed costs of reproduction
are expressed and ﬂedglings and yearlings face the
challenges of independence (see next paragraph). We
FIG. 1. Inﬂation factor values (cˆ ) calculated for each
goodness-of-ﬁt (GOF) test run for each set of age-modiﬁed
capture–recapture histories (see Methods) for Blue-footed
Boobies (Sula nebouxii). Only tests run for ages 4–10 years
are shown. The gray line of best ﬁt (i.e., no overdispersion, cˆ ’
1) is also shown for reference. Although a structure with nine
age classes was closest to 1, we considered that seven age classes
were sufﬁcient to account for most overdispersion, and we
applied a cˆ value of 1.86 to all our models.
4 hhttp://ldeo.columbia.edui
5 hhttp://www.bom.gov.au/climate/current/soihtm1.shtmli
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analyzed correlations among climatic covariates to test
for potential, noisy colinearity (Grosbois et al. 2008); we
did not perform a PCA analysis to reduce the number of
covariates (e.g., Veran et al. 2007) because we only dealt
with four variables. Although local and general indexes
(SST and SOI) were in general correlated during both
the breeding season and the wintering season (Table 2),
in exceptional years, SST values were independent of
SOI oscillations. Furthermore, while SST values in the
breeding season and the following wintering season were
correlated, this was not the case for SOI values (Table
2).
We tested the inﬂuence of each climatic variable on
each age class, starting with the consensual model. We
compared all possible models with a climatic factor with
the corresponding model for each age class varying with
time using DAICc values. For each age class, the
covariates that better replaced time (from models with
DAICc , 4) were retained and used in ﬁnal models that
included all retained climatic variables together. The
proportion of variance explained by each selected
covariate was calculated except when the model with
constant value of the age class was better than the time-
dependent value of such age class (see Results). To
calculate the impact of a covariate X on the age-related
parameter -, we performed an analysis of deviance test
with a Fisher-Snedecor distribution (ANODEV) by
comparing the amount of deviance between the model
TABLE 2. Spearman rank correlations between the oceanographic variables sea surface temperature (SST) and Southern
Oscillation Index (SOI) used in the analysis of survival and recruitment in Blue-footed Boobies (Sula nebouxii) at Isla Isabel,
Mexico, in the breeding and wintering seasons during 1988–2004.
Variable
SST wintering SOI breeding SOI wintering
q P N q P N q P N
SST breeding 0.606 0.008 17 0.809 0.001 16 0.267 0.284 17
SST wintering 0.370 0.144 16 0.556 0.017 17
SOI breeding 0.27 0.918 16
Note: All tests were two-tailed, and statistically signiﬁcant correlations (P , 0.05) are shown in boldface; q coefﬁcient was the
Spearman Rank correlation value; N was the sample size.
TABLE 3. Building a consensual model (see Methods) by modeling survival (S ), recruitment (w),
and resighting ( p) probabilities in the Blue-footed Booby on Isla Isabel, starting from the
umbrella model [Sn7a*t*s, w
nb
7a*t*s, p
n
7a*t*s].
Model np Dev QAICc Di wi
Umbrella model Sn7a*t*s, w
nb
7a*t*s, p
n
7a*t*s 327 26 678.838 14 997.4613
Survival
S7a*s 259 26 833.711 14 944.726 52.735 0.001
S7a*t 293 26 725.121 14 954.344 43.117 0.000
S7a 254 26 915.382 14 978.636 18.826 0.000
S7aþt*s 281 26 731.551 14 933.801 63.660 0.168
S7aþt 265 26 785.132 14 930.608 66.853 0.829
S7aþs 255 26 844.298 14 942.418 55.043 0.002
Recruitment
w7a*s 302 26 737.217 14 978.848 18.614 0.031
w7a*t 305 26 734.636 14 983.460 14.001 0.003
w7a 249 27 089.013 15 061.985 64.524 0.000
w7aþt*s 312 26 704.615 14 972.073 25.389 0.930
w7aþt 299 26 746.010 14 977.576 19.886 0.059
w7aþs 297 26 760.944 14 981.604 15.857 0.008
Resighting
p7a*s 259 28 165.348 15 660.660 663.200 0.000
p7a*t 293 26 876.749 15 035.865 38.404 1.000
p7a 254 28 574.126 15 870.433 872.97 0.000
p7aþt*s 279 27 594.670 15 393.844 396.38 0.000
p7aþt 265 27 260.372 15 186.114 188.65 0.000
p7aþs 255 27 926.367 15 524.176 526.71 0.000
Consensual model Sn7aþt, w
nb
7aþt*s, p
n
7a*t*s 210 26 897.652 14 881.103 116.36
Notes: For each parameter, the selected model is in boldface, except for resighting probabilities,
for which the umbrella model was not improved. Abbreviations are: np, number of estimable
parameters; Dev, relative deviance of each model; QAICc, Akaike Information Criterion corrected
for cˆ; Di, QAICc difference between current model and umbrella model; and wi, current model
weight for each group of models for survival, recruitment, and resighting parameters. In the
models, abbreviations are: n, nonbreeders; b, breeders; a, age; t, time; and s, sex. The age class 7a
represents a grouping of birds 7–16 years old.
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assuming full time dependence, the model including the
covariate X, and the one assuming no time variation
(noted by ) through the ratio [deviance -() deviance
-(X )]/[deviance -()/deviance -(t)].
RESULTS
We built the capture–recapture histories of 6243
individuals for the period from 1988 to 2004, of which
37% recruited (were resighted at least once as a breeder),
including males and females in nearly equal proportions
(51% and 49%, respectively).
Consensual model
The search for a consensual model revealed an
additive effect of time for survival (a potential effect of
sex was also present, but not considered in view of its
model weight) and an additive effect of time and sex (in
interaction) on age for recruitment, while none of the
different combinations of factors used to model
recapture probability improved the umbrella model
(Table 3). The ranking of models and the DQAIC
values were very similar when optimal, rather than full,
parameterization of the other two parameters was used
(results not shown). Thus, the consensual model [Sn7aþt,
wnb7aþt*s, p
n
7a*t*s] was provisionally taken as the best model
for testing the effects of climatic covariates on survival
(equally for the two sexes) and recruitment (differently
for each sex).
Inﬂuence of climate on age classes
The inﬂuence of climatic variables on survival and
recruitment varied with age, and was strongest in the
youngest or oldest classes depending on the parameter
and the sex (Table 4): for instance, winter climate at
local scale (i.e., SSTw) inﬂuenced survival of all age
classes except the oldest ones (.5 years old), for which a
constant model was supported, as well as a model with
any covariate. ANODEV analyses showed that covar-
iates explained high percentages of the difference in
deviance between time-varying models (i.e., including
climate covariates) and constant models (not shown),
especially for youngest birds (Table 4).
The probability of male recruitment of the youngest
and oldest age classes was more inﬂuenced by climate
than that of 2-, 3-, 4-, and 5-year-old birds. For instance,
warm local water (SST) depressed recruitment of males
of all age classes, and this effect was especially strong for
youngest birds facing warm water in the previous winter
and oldest birds facing warm water during breeding
(Table 4, Fig. 2A).
On the basis of these associations, we tested the ﬁt of
more ad hoc models of climatic inﬂuences on the
survival and recruitment of particular age classes. We
also tested for potential linear or quadratic inﬂuence of
climatic covariates on each age class (noted by A and A2
respectively; see models 3 to 6 in Table 5). None of these
models improved the consensual model, but the best
TABLE 4. Modeling the inﬂuence of climate covariates on survival (S ) and recruitment (w) probabilities of each age class of the
Blue-footed Booby on Isla Isabel during 1988–2004.
Demographic
parameter
Age
class (yr) Dev np QAICc
Climate covariates, DAICc
Constant r2SOIb SOIw SSTb SSTw
Survival 1 26 825.71 220 14 864.42 12.0 4.7 17.9 2.0 18.7 0.813
2 26 815.66 219 14 855.02 53.7 22.5 18.6 7.3 48.3 0.673
3 26 813.43 220 14 855.82 12.6 6.3 31.8 9.9 25.0 0.570
4 26 780.01 221 14 882.90 16.8 16.8 8.6 25.3 4.1 0.516
5 26 864.03 222 14 886.24 23.3 2.1 29.6 14.6 22.4 0.757
6 26 917.85 221 14 914.00 16.6 3.0 2.6 29.0 27.0
.6 26 887.72 221 14 897.80 5.3 1.1 0.7 20.4 23.0
Recruitment, males 1 26 877.63 217 14 884.34 3.6 3.4 3.7 9.1 4.6 0.718
2 26 897.81 219 14 899.19 15.6 13.5 1.2 10.1 27.0
3 27 022.00 212 14 951.96 67.5 68.8 51.2 74.6 78.9
4 26 864.49 220 14 883.28 14.0 13.6 88.3 69.9 4.3
5 26 874.94 220 14 888.89 54.5 43.0 54.7 51.1 3.9
6 26 917.20 221 14 913.61 36.4 98.0 8.9 18.3 29.3
.6 26 891.30 222 14 901.69 15.7 21.3 26.5 20.0 2.9 0.243
Recruitment, females 1 26 883.19 219 14 891.33 13.2 4.3 17.1 2.9 18.2
2 27 007.26 220 14 960.03 91.2 58.7 70.1 82.6 78.0 0.543
3 27 022.00 212 14 951.96 66.0 57.2 57.7 64.6 59.5 0.593
4 26 867.87 219 14 883.09 10.4 16.3 21.1 0.7 3.7 0.472
5 26 858.37 219 14 877.98 2.3 15.9 10.9 6.9 18.0 0.367
6 26 885.64 220 14 894.64 15.3 10.5 0.1 10.5 3.8 0.608
.6 26 889.81 219 14 894.89 10.8 8.5 2.4 7.5 13.2
Notes: Since we started from the consensual model ([Sn7aþt , w
nb
7aþt*s, p
n
7a*t*s]; see Table 3 for abbreviations), we modeled covariates
(in the place of time) in survival and recruitment. Numbers below climate covariates show the DAICc of the current model for each
covariate with the corresponding model for each age class. The covariates that better replaced time for each age class and parameter
are shown in boldface (considering equivalent models those with DAICc , 4); r
2 refers to the proportion of variance explained by
the covariate (ANODEV; seeMethods), except for age classes in which the constant model showed the lowest absolute DAICc with
respect to the time-varying model. SST is sea surface temperature, and SOI is Southern Oscillation Index; b is breeding season, and
w is winter.
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model (model 2; Table 5) explained 44% of the variance
of the corresponding time-varying model [S1_5aþt,.5a,
wnbm1a*t;2 6a;a7*t, w
nbf
1a;2 6aþt;a7, p7a*t*s], which was taken as
the reference model to show estimates of demographic
parameters. Paradoxically, the lack of improvement was
probably the result of having robust estimates (i.e., with
low conﬁdence intervals and narrow ranges) of survival
and recruitment due to high resighting rates, especially
after birds reached three years of age (Fig. 3); when this
occurs, it is difﬁcult to improve the time-dependent
model by substituting a climatic covariable in place of
time (R. Pradel, personal communication).
Climate and age effects on survival
Annual survival of Blue-footed Boobies did not differ
between the sexes (see the consensual model). Warm
winter water depressed survival of both sexes much
more in the ﬁrst few years of life than at older ages (Fig.
4). When the water was warm, survival rate increased
sharply with age, with birds older than six years showing
a mean value of 0.850 (SE¼ 0.017), and youngest birds
showing values as low as 0.535 (SE ¼ 0.254). When the
water was cool, survival rates of all age classes
improved, modestly in birds older than six years, to
0.891 (SE ¼ 0.017) and substantially in the youngest
birds, to 0.755 (SE ¼ 0.186) (Fig. 4).
Climatic, age, and sex effects on recruitment
Probability of recruitment varied with age and
climate, but differently in the two sexes (Table 4, Fig.
2). Intermediate-aged males were little affected by
climate, but old males were most likely to recruit when
the local water was cool in the breeding season (Fig.
2A), and young males recruited only when the local
water was cool in the previous winter (see also Table 4).
Intermediate-aged females had the highest probability of
recruiting and were more likely to recruit when the SOI
index was high during the breeding season (see also Fig.
2B). Young females were considerably less likely to
recruit than old females, and neither young nor old
females were affected by climate (Table 4).
DISCUSSION
Demographic parameters of the Blue-footed Booby
are more strongly associated with local climatic condi-
tions than with global environmental conditions. This
result reﬂects the weak colinearity between indexes at
different spatial scales: extreme El Nin˜o events across
the Paciﬁc Ocean did not reliably predict extremely
warm waters around the study site. Global climatic
indexes may be strongly related to demographic
parameters of species that forage far from the colony
or migrate over great distances during the nonbreeding
season, such as guillemots, shearwaters, albatrosses, and
migratory passerines (Sillett et al. 2000, Nevoux et al.
2007, Votier et al. 2008); whereas local climate may be
more related to the demography of species that forage
and disperse locally, such as shags, gulls, and boobies
(Frederiksen et al. 2004, Velarde et al. 2004).
Analysis of demographic parameters in structured
populations (with sex- and age-speciﬁc partitioning of
energy investment) potentially provides the best insight
into how climate shapes complex population dynamics
(Coulson et al. 2001). The high annual survival of
boobies and early recruitment of some individuals
provided a rare opportunity to estimate how age and
sex affect the impact of climate on two important
demographic parameters (Thompson and Grosbois
FIG. 2. Probability of recruitment of Blue-footed Boobies
at Isla Isabel, Mexico, depending on sex, age, and climatic
conditions (standardized indexes). A smoothing regression
surface using a lowess method by iteration of weighted least
squares on such estimates (Simonoff 1996) was drawn for
interpretation. Birds 7–16 years old were grouped in a single age
class. Estimates were obtained from model [S1_5aþt,.5a,
wnbm1a*t;2 6a;a7*t, w
nbf
1a;2 6aþt;a7, p7a*t*s] for (A) males and (B)
females. For each sex, we show the more inﬂuential climatic
index: sea surface temperature during breeding season (SSTb)
vs. Southern Oscillation Index (SOIb; see also Tables 2 and 4
and Results). (See also Capture–recapture modeling for clariﬁ-
cation of abbreviations.)
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2002). The effect of climate on survival varies strongly
with age, and the effect of climate on recruitment
depends on both age and sex, and sexual and age class
differences are exacerbated by harsher climate (see also
Nevoux et al. 2007).
Climate and age effects on survival
Survival of both sexes depended heavily on winter
climate: The coolest winter waters were associated with
roughly 90% survival in all age classes except the
TABLE 5. Modeling the effects of climatic covariates on survival and recruitment of Blue-footed Boobies at Isla Isabel altogether
on each age class following results from Table 4 and compared with the consensual model [Sn7aþt, w
nb
7aþt*s, p
n
7a*t*s].
Model Survival Recruitment males Recruitment females np Dev QAICc Di r
2
Consensual model:
Sn7aþt, w
nb
7aþt*s, p
n
7a*t*s
210 26 897.6517 14 881.103
1 1_5SSTw, 6, 7 1SSTw, 2_6, 7SSTb 1,2_6SOIb, 7 185 27 095.469 14 935.456 54.35 0.288
2 1_5SSTw, .5 1SSTw, 2_6, 7SSTb 1,2_6SOIb, 7 184 27 002.745 14 904.487 23.38 0.442
3 1_5A2SSTw, .5 1SSTw, 2_6, 7SSTb 1,2_6SOIb, 7 176 27 131.405 14 938.777 57.67 0.158
4 1_5ASSTw, .5 1SSTw, 2_6, 7SSTb 1,2_6SOIb, 7 175 27 222.048 14 987.510 106.41 0.080
5 1_5A2SSTw, .5 1SSTw, 2_6, 7SSTb 1,2_6A2SOIb, 7 174 27 302.888 15 056.113 175.01 0.001
6 1_5SSTw, .5 1SSTw, 2_6, 7SSTb 1,2_6A2SOIb, 7 177 27 140.242 14 945.528 64.42 0.102
Notes:An interaction of any factor with a range of age classes is shown by ‘‘_’’; for instance, 1_5 means an age class grouping birds
from 1 to 5 years old. When a trend in age (linear or quadratic) was used instead, this is shown by A and A2, respectively. In all
models, resighting probability was kept as the consensual model, i.e., depending on the interaction of age, time, and sex. The best
model is shown in boldface (model 2); none of these climatic models improved the consensual model (seeMethods and Table 3), even
though some of them explained a relatively high percentage of the variance (see Results). SST is sea surface temperature, and SOI is
Southern Oscillation Index; b is breeding season, and w is winter.
FIG. 3. Estimates of resighting probabilities (with 95% conﬁdence intervals) of Blue-footed Boobies at Isla Isabel during 1988–
2004. (A) Variation with age in males (solid circles) and females (open circles), taking 2001 as an example. (B) Variation with time
in males and females, taking ﬁve-year-old birds as an example. No difference between the sexes was found.
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youngest birds (one year old), and the warmest winter
waters depressed survival, slightly in the case of the
oldest birds (7–16 years old) and severely in the case of
the youngest birds. Young individuals of long-lived
species generally show relatively poor survival (Jones et
al. 2007), and young marine birds tend to forage
inefﬁciently. Young boobies may suffer relatively high
mortality because inexperience probably makes them
inefﬁcient foragers and plunge-divers, and also because
younger age classes include relatively higher proportions
of poor quality individuals (Nevoux et al. 2007, Sanz et
al. 2008). Young boobies also showed relatively high
variance in annual survival, possibly implying a special
vulnerability of inexperienced birds to environmental
stochasticity and a high heterogeneity in individual
quality, later reduced by selection pressures (Sanz et al.
2008). Climate is an important selective force for young
boobies and cohorts that experience cold years early in
the life should be better represented in the population
than others.
Climatic, age, and sex effects on recruitment
Age of recruitment affects the lifetime ﬁtness of
individuals and the growth rates of populations (Gail-
lard et al. 1998). Recruitment in this population of
boobies occurs at ages from 1 to 10 years (Drummond et
al. 2003), and most males and females recruit during the
ﬁrst six years of life (males, 4.32 6 0.09 yr; females, 3.80
6 0.08 yr). Age of recruitment inﬂuenced the onset of
reproductive senescence and longevity of males in a
high-performing cohort and the lifetime reproductive
success of females. Our results show that recruitment of
males is strongly inﬂuenced by age and climate, while
that of females is even more greatly inﬂuenced by age,
but affected by climate only at intermediate ages, when
favorable conditions are a particularly potent inﬂuence.
One-year-old females generally decline to recruit what-
ever the conditions, whereas one-year-old males are
likely to make an attempt if conditions are favorable.
Females that are at least seven years old are strongly
inclined to recruit, whatever the circumstances, but
males of that age are highly responsive to climate.
Strong dependence of male recruitment on climate could
reﬂect energetic constraint on the possibility of success-
ful reproduction of the smaller sex, especially in the
youngest individuals, which probably harvest food
inefﬁciently. At all ages examined, this sensitivity to
climate could also reﬂect the making of prudent trade-
offs (Cam et al. 1998, Sanz et al. 2008), since delayed
recruitment in males from a high-performing cohort is
associated with longer lifespan at no cost in terms of
lifetime reproductive success. Female lifespan, on the
other hand, is unaffected by age of recruitment, but the
earlier females recruit the more breeding attempts they
make and the greater their lifetime reproductive success,
although variance in both of these variables is high in
females that recruit at two years of age. The larger
bodies of females may buffer them against the risks of
breeding in challenging circumstances.
Recruitment of females was more related to climate
during the breeding season; that of males to climate
before the breeding season. Assuming this difference
reﬂects causality, it could result from differences in the
roles of males and females in breeding (Grosbois and
Thompson 2005, Jenouvrier et al. 2005), since male
boobies start their breeding season earlier and females
provide more food to the brood. Both sexes share all
duties of parental care throughout the breeding cycle,
but males arrive ﬁrst on the breeding grounds and invest
heavily in securing and defending territories (Nelson
1978, Stamps et al. 2002) and displaying ornaments
(Velando et al. 2006a), and females deliver 2–5 times the
mass of food provided by males (Guerra and Drum-
mond 1995). Overall, these results make a case for
complex effects of environmental variables in a nonlin-
ear interaction between climate, age, and sex (Laakso et
al. 2001, Croxall et al. 2002, Ezard et al. 2006, Kim et al.
2009). Temporal differences in the effects of climate on
male and female recruitment point up the need to
consider age and sex when making population projec-
tions for conservation purposes (Sæther et al. 2004,
2006).
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